Abstract-Dif culties associated with the removal of nanoparticles with traditional cleaning methods have been widely discussed and reported in the literature. It has been projected that the minimum feature sizes of semiconductor devices by the year 2008 will be reduced to 70 nm. Laser cleaning as an emerging technique has been gaining momentum in recent years. The two main features of the laser methods: its dry and non-contact nature, make it particular attractive. However, as damage in pulsed laser processing has been an issue in micro-manufacturingapplications, so concerns about damage in laser cleaning applications must also be adequately addressed. In laser cleaning, detachment often is achieved by creating a normal inertial force exerted on the particle due to the normal surface acceleration under a rapid laser thermal loading. The value of the required detachment acceleration is proportional to 1=D 2 (D: particle diameter). In this study, the onset of thermal and mechanical substrate damage in nanoparticle removal has been computationally studied for silicon and copper substrates. The maximum and minimum values of the components of the acceleration vector and axisymmetric stress tensor as well as the temperature are computed at various points on the substrate surface and in the interior of the substrate. The minimum and maximum values of the thermoelastic quantities along the radial and axial directions have been reported. It is computationally determined and demonstrated that the type of rst-damage depends on the substrate and particle material properties as well as particle diameter.
INTRODUCTION
Rapid thermal loading generated by a pulsed laser creates high temperature and stress elds. Damage in pulsed laser processing has been an issue in micro-manufacturing applications since its inception. Concerns about damage in laser cleaning applications must also be adequately addressed.
Two major driving factors for laser cleaning have been (1) its dry and non-contact nature, and (2) the acute need for new technologies for upcoming nanoparticle removal challenges. In its International Technology Roadmap for Semiconductors [1] , SEMATECH has projected that the minimum feature sizes of semiconductor devices in the near future will be 130 nm in the year 2002, 100 nm in 2005, and 70 nm in 2008. In laser cleaning, detachment often is achieved by creating a normal inertial force exerted on the particle due to the normal surface acceleration under a rapid thermal loading. The value of the required detachment acceleration is proportional to 1=D 2 (D: particle diameter). Dif culties associated with the removal of nanoparticles with traditional cleaning methods have been widely discussed and reported in the literature (cf. Ref. [2] for a brief overview).
Various research groups have been reporting laser cleaning results since the experimental works of Zapka, and co-workers published in 1991-1992 [3, 4] , which are often considered as the rst studies in the area of laser particle cleaning. A set of conclusive experimental data was presented in their works. In [5] cleaning ef ciency results for silicon wafers with Si 3 N 4 and SiO 2 particles ranging from 0.2-2.0 ¹m in diameters were presented. No effort to study the substrate damage was made. The effects of laser uence, repetition rates and number of pulses in cleaning ef ciency were considered. Halfpenny and Kane [6] conducted a set of removal experiments for 0.1-3.0 ¹m particles without any modeling. This work veri ed the nding of the previous studies. A data tting method was used to interpolate the threshold laser pulse energy. Kolomenski et al. [7] used a liquid layer, so the process was not dry. In [8] , the modeling is based on the assumption of constant-acceleration expansion of the substrate in the out-of-plane direction during the laser heating as in [9] and the above works. Accurate modeling of the surface acceleration under transient loading conditions has recently been reported by Cetinkaya and co-workers using both spectral and nite elements methods [10] [11] [12] [13] .
Damage caused by a pulsed laser can initiate a highly complicated physical process. Both mechanical and thermal as well as electronic effects (as in semiconductors) play interactive roles once any or a combination of these effects initiate irreversible material alteration. It is reported that mechanical damage can occur at intensity levels as low as 10 3 W / m 2 [14] . Melting and/ or evaporation may occur in the intensity range of 10 5 -10 8 W / m 2 . Progressive damage can occur and mass transport in spallation, ablation and plasma formation can further complicate the physics of the thermal, mechanical and optical interactions. The surface structure of a substrate can severely limit the predictability of the damage progress process. The determination of the values of the parameters to avoid damage requires both thermal (temperature) and mechanical effects (stress tensor) (electronic effects in semiconductors). Temperature and displacement can only be measured in the surface of an opaque substrate. However, stress level in the interior of a structure must be computed (it can be done with much ease compared to experimental methods). The transparent materials might be an exception where photoelastic methods have been adopted for stress measurements. In the current study, transient temperature elevation, axisymmetric stress and surface acceleration components have been reported for a 5-ns laser beam with the diameter of 5 mm. Normalization factors for the re ection and melting point considerations are de ned as the energy normalization multiplier°n D .1 ¡ R/E p =E 0 and the melting point normalization factor n D T f =.°nT max /, where R is the re ection coef cient, E p the actual pulse energy, and E 0 D 370 mJ the pulse energy deposited in the FE simulations, T max the maximum surface temperature corresponding to E p , and T f the material melting point. These factors are used for silicon and copper substrates to make the results reported here practical. In direct surface irradiation methods, recent interest has been in the interaction between the laser beam and the particle (diffraction) and its effect on the substrate (damage) [15, 16] .
An experimental been work has already been reported in [17] which shows that under an Nd : YAG pulsed laser irradiation mechanical damage below melting temperature is possible for Cu and Si substrates. The experiments reported in [17] based on the He -Ne probe laser beam scattering have shown the formation of a defect saturated surface layer even if the surface temperature never exceeds the surface melting point. The effect of the stress generation as a damage source had been recognized, but no stress analysis was reported. It should, however, be also noted that no data on the degree of initial cleanliness of the substrates in the experiments conducted in [17] had been reported, therefore the effect of contamination in the re ectivity is unknown. In [18] , a set of thermal simulations without any mechanical coupling was conducted to determine the surface temperature elevation under pulsed excimer laser treatment at different wavelengths (193 (ArF), 248 (KrF) and 308 (XeCl) nm) and pulse durations (20-200 ns) . In [19] , using poly(vinyli-dene uoride) (PVDF) piezoelectric lm transducers, high compressive stress levels away from the thermal skin in polyimide have been measured. Due to the dimensions of piezoelectric lm transducers and the boundaries, the near-eld experimental measurements would be extremely dif cult. Both copper and silicon substrates are considered in the current study. In the current study in addition to compressive longitudinal stress levels away from the thermal skin, all components of stress tensor (in axisymmetric coordinates) have been obtained, and strong stress localization around the thermal skin has been quanti ed. In [14] , it is experimentally demonstrated that shear stresses generated by a pulsed laser are suf cient to remove a circular area whose shape is similar to that of the laser beam from a brass foil without thermal damage. As discussed in [20] for silica substrate, there has been some evidence that micro-cracks generated under a pulsed laser have characteristics that are quite different from those initiated under quasi-static loading conditions.
It has been known that thermal damage is limited to the surface, however mechanical damage can occur in the interior of a substrate. Rate-dependent materials properties suggest that materials failure at high-strain rates occurs at much higher stress levels than quasi-static yield stresses [21] . A combination of thermal and mechanical damage with nonlinearities is also possible; however, it is beyond the scope of the current study. The focus is on the onset of the damage.
NANOPARTICLE REMOVAL
The expressions introduced by Johnson, et al. [22] for the deformation of particles under adhesion and the Hertzian contact stress and the static adhesion pull-off force between a spherical particle and a smooth, clean surface have been widely accepted and used. Since the effect of viscoelasticity increases the required critical detachment forces (static) when high removal rates are considered, the needed removal forces generated by inertial effect of pulsed heating with a pulsed laser should be higher than those calculated using the static JKR (Johnson-Kendall-Roberts) theory. Excitation frequencies in laser excitation are on the order of (1=1t/ where 1t is pulse duration. Some data indicate substantial differences between acceleration levels based on JKR adhesion theory and experimentally determined acceleration levels [8] . The comparison of experimental data and computational results presented in this work reveals large discrepancies. For the particles with diameter 0.25 ¹m, the calculated laser uence is approximately 175% more than the experimentally observed value. This would be attributed to the viscoelastic nature of the adhesion bond between the particle and the substrate. It has been reported both experimentally and computationally that the inertial force due to the surface acceleration generated by a pulsed laser can detach particles down to submicrometer diameter range.
A simple static particle removal condition is F a < F I where F a denotes the adhesion bond strength (pull-off force) and F i the reaction force due to the inertial effect. For a particle on a at smooth substrate, the condition for the lift-off removal mode becomes
where F a is the adhesion force, W is the work of adhesion between the particle and the substrate materials, D is the particle diameter, ½ is the particle material density and a z is the normal component of the acceleration vector. In a realistic situation, a single mode of removal is unlikely and the surface motion (and/ or external force eld) can excite a combination of the three modes of removal (lift-off, rolling, and sliding). However, it has been established that the rolling mode of removal is the dominant mechanism [23, 24] .
In rolling removal, the equilibrium of moment with respect to a point at the edge of the adhesion contact area results in the following simple detachment condition: where m D ½¼ D 3 =6 is the particle mass, d is the radius of the circular contact area, µ is the angle between the acceleration vector and the horizontal plane (the radial axis). It should be noted that the changes in the contact area during the lift-off motion and the (rotational) motion of the particle along the substrate are neglected in obtaining this simple condition. As a result, the rolling acceleration a ¤ rolling is a rather conservative lower limit for removal in an acceleration eld.
In Table 1 , the required removal acceleration values for the silica particles with diameter ranging from 460 nm to 1580 nm on the silicon and copper substrates are summarized. In nanoscale particles, the required acceleration levels become as high as 10 9 m /s 2 . The radial acceleration components are two to three orders of magnitude lower than the axial acceleration components. However, rolling motion could still cause particle detachment from the substrate.
TRANSIENT THERMOELASTIC FINITE ELEMENT RESPONSE
In laser cleaning process, a substrate is accelerated to its maximum acceleration value in the out-of-plane direction (z/ until the peak uence of the beam is reached. The positive acceleration presses the particle down and increases the contact diameter and the strain energy stored in the deformed particle. The removal can occur only after the surface begins decelerating. The magnitude of surface acceleration is proportional to the level of uence due to linearity assumption. However, above a certain level of uence, thermal and/ or mechanical damage on the surface could occur. To reduce the risk of substrate damage, both thermal and mechanical damage thresholds should be well understood and accurately modeled. The thresholds could then be used to avoid excessive heat deposition and/or stress levels. The complexity of the thermoelastic process requires that a detailed analysis be carried out for the determination of optimal removal ef ciencies.
In the current work, a set of transient simulations for the thermoelastic response have been conducted to determine the surface acceleration and temperature elevations under a thermal excitation by a nanosecond pulsed-laser. An axi-symmetric half-space is considered (Fig. 1) for FE analysis. While the temperature elevation is easy to determine since the thermo-mechanical coupling is rather poor on the surface, the transient response calculation of the stress and acceleration components requires solving coupled governing partial differential equations. A nite element package, ABAQUS, is adopted for the task [25] . A careful meshing is required to capture the physics in the near-eld. Due to the high frequency content of the excitation (laser pulse) (Fig. 2) , thermal skin extends only a few micrometers. Four point axisymmetric elements are used in the analysis since the laser beam is circular. Element dimensions and time steps are carefully determined using the wavelength arguments and thermal skin calculations under frequency dependent loading conditions. A 5-ns laser can excite modes of motion as high as 200 MHz. The pro le of the idealized input signal and its frequency spectrum are depicted in Fig. 2 . Cop- per and silicon substrates are used in the numerical simulations. The thermoelastic properties utilized in the analysis are listed for Cu and Si in Table 2 . It is known that the thermoelastic properties of copper are fairly temperature-dependent. For the sake of simplicity, this temperature dependency has been neglected. The required removal accelerations are known for silica particles on a copper substrate [12, 13] . Mesh generation is a critical aspect of the FE-based transient thermoelastic analysis. The mesh for the axisymmetric domain consists of four distinct zones (Fig. 1b) . The meshing of the zone for the thermal skin area (Zone 1) is the nest, as this area is immediately under the laser beam. The extension of the thermally generated elastic waves in a thin upper layer is a function of frequency. In case of a pulsed laser, the maximum frequency excited by the beam can be approximated by the pulse width (1t/ of the beam as f D 1=1t. The minimum characteristic dimensions of the element in Zone 1 are determined by considering the thickness of the thermal skin (±/, estimated as ± ' 1:6 p 1t3 where 3 D ·=½°is the thermal diffusivity parameter with · the thermal conductivity,°the speci c heat capacity and ½ the layer material density. If h max represents the maximum length in thickness direction of an element belonging to this area, the condition h max 6 ±=m min must be satis ed for a reasonable resolution in the axial direction where m min corresponds to the number of elements in the z direction, m min > 10. The dimensions of the elements used in the analysis are reported in Table 3 . A typical time step is 25 picoseconds (Table 4) . Nonre ecting (in nite) elements are used in the bottom of the half-space to mimic the thermoelastic behavior of a half-space.
An explicit dynamics scheme for time integration is adopted in transient response simulations. The central difference operator used in the explicit time integration scheme is conditionally stable with a stability limit (for each increment). The stability limit increment can be estimated using the one-way time-of-ight in an element ¿ ' l min =c L where l min represents the smallest dimension of the element and c L is the propagation speed of the irrotational isothermal wave (P-wave). The speed c L is greater than those of both transverse and surface Rayleigh waves. While the number of elements in the model is typically limited by the dynamic and virtual memory of a computer, the CPU time for analysis depends both on the time increment (the analysis period) and the number of elements (the degrees-offreedom). The computational parameters used in the current transient ABAQUS simulations are reported in Table 4 .
ACCELERATION DISTRIBUTION
In the laser cleaning, a substrate is accelerated to its maximum acceleration value in the out-of-plane direction (z/ until the peak uence of the beam is reached. In the simulations presented, this time is around t D 10 ns (Fig. 2a) . The positive acceleration presses the particle down and plays no role in removal. On the contrary, it enhances the adhesion forces between the particle and the surface of the substrate and enlarges the adhesion contact area since the reaction load (F D ma z D ½.¼=6/D 3 a z / effectively presses the particle down. Here ½ is the particle material density and D is the particle diameter.
The removal can occur after the surface begins decelerating (F < 0). The magnitude of acceleration will be proportional to the level of laser uence due to linearity assumption. However, above a certain level of uence, thermal / mechanical damage on the surface could occur. To reduce damage risk, damage thresholds should be well understood and accurately modeled. The thresholds could then be used to avoid excessive heat deposition. As reported in this study, a detailed analysis is needed for the determination of optimal removal ef ciencies.
The maximum and minimum values of the acceleration components (a r and a z / are obtained with a set of simulations and are summarized in Fig. 3 for Si and Cu substrates. The computational parameters adopted in the simulations are reported in Table 4 . In the simulations, the net deposited energy on the surface is E 0 D 370 mJ. In order to adjust the response amplitudes for the re ection coef cient for the substrate materials used and the wavelength-pulse dependency in the Nd:YAG laser, the energy normalization multiplier°n is introduced and used. Table 5 summarizes the values of the normalization factor for Si and Cu substrates for the four laser beam wavelengths. Using this factor, the maximum -minimum acceleration envelopes in Fig. 3 can be adjusted for a particular wavelength (for pulse energy) and substrate material (for re ection coef cient). 
TEMPERATURE DISTRIBUTION
Thermal damage begins when the surface temperature reaches the melting point of the substrate. The maximum temperature distributions on the surfaces of the Si and Cu substrates are presented in Fig. 4a -c along with the maximum temperature pro les (Fig. 4b-d ) in the interior of the substrate for the net deposited energy E 0 D 370 mJ. The maximum temperature elevations from the FE simulation are reported in Table 6 . In the thermal skin, the decay of temperature in the negative z-direction is rather rapid. As depicted in Fig. 4b-d , an exponential decay occurs in the interval from the thermal skin boundary to around z D ¡25 ¹m. Below z D ¡25 ¹m, the temperature elevation is negligible. The maximum temperature occurs on the surface, so the thermal damage must initiate on the (c) Cu The maximum temperature elevation 1T pro les along the silicon (a) and copper (c) substrate surfaces. The dashed lines correspond to the surface temperature elevation under thermal only heating conditions calculated using T .r/ D 2I .r /.31t / 1=2 =. p ¼ · /, where I .r/ is the deposited light intensity as a function of r on the surface, 3 is the thermal diffusivity, 1t is the laser pulse time duration and · is the thermal conductivity. 1T pro le in the axial direction z at Station Point 1 of the silicon (b) and copper (d) substrates. The absorbed pulse energy is E 0 D 370 mJ and the absolute surface temperature at normal room conditions (25 K) is 1T C 298: 15. surface. Considering the melting point of the substrate material as a limiting factor, the maximum values for other quantities (acceleration and stress components) can be normalized for no thermal damage. A multiplier, the melting point normalization factor,¯n, is introduced to determine the possible maximum values of acceleration and stress components before melting is initiated. The values of¯n for the four fundamental wavelengths and two substrates are tabulated in Table 5 . 
STRESS FIELD (DISTRIBUTION) GENERATED WITH PULSED LASER IRRADIATION
Transient stress responses of the substrates were computed and are presented in Fig. 5 . The maximum and minimum stress values along axial lines (Station Point 1 for ¾ zz , ¾ rr and ¾ µ µ , and 2 for ¾ rz in Fig. 1a ) are calculated and summarized in Fig. 6 . These values for the four components of stress tensor are achieved mostly in the rst 30 ns of the analysis for a net deposited pulse energy of E 0 D 370 mJ. As described above, an energy normalization factor,°n, needs to be used in order to take the re ection coef cients of the substrate at a particular wavelength and the change in impulse energy at the harmonics of Nd : YAG laser used in the experiments. The values of the normalization factor,¯n, at four wavelengths for Si and Cu substrates are in Table 5 . As the data indicate, a two-orders of magnitude reduction in the stress values is possible due to the re ection and pulse energy-wavelength relation. However, a strong stress gradient near the surface is apparent. The values of the thermal skin thickness for the pulsed laser are 1.23 ¹m and 0.98 ¹m for Cu and Si, respectively. While the data presented in Fig. 6a -h indicate that a change in slope is around the boundaries of thermal skin, but the maximum/minimum stress levels for ¾ zz , ¾ rz are realized below these points. For ¾ µ µ and ¾ rr , the minimum (compression) stress values are always on the surface z D 0. For both Cu and Si, the maximum (tension) and minimum (compression) values of the stress component ¾ zz are realized at z D ¡2:0 ¹m and ¡7:5 ¹m (Fig. 6a and 6e ) along the line crossing Station Point 1. The ¾ rz pro les along the Figure 6 . The maximum and minimum stress pro les beneath Station Point 1 for ¾ zz , ¾ rr , and ¾ µ µ for the silicon (a, c, d) and copper (e, g, h) substrates, the maximum and minimum stress pro les at Station Point 2 for ¾ rz ((b) for the silicon and (f) copper substrates). The total absorbed pulse energy in these simulations is E 0 D 370 mJ.
Station Point 2 ( Fig. 6b and 6f) indicate that the minimum stress (compression) is achieved around the boundary of thermal skin (z D ¡2:5 ¹m) for both Cu and Si while the maximum ¾ rz stress (tension) was realized around z D ¡40:0 ¹m and ¡40:0 ¹m for Cu and Si, respectively. Due to the skin effect, a strong thermal gradient is created, and as result a strong stress eld localized in the surface area is generated.
It is important to note that due to the viscoelastic effects the required removal force could be a few orders of magnitude higher than the static detachment force determined by the JKR theory. Data supporting the viscoelastic effects in particle removal have been reported in the literature even though no systematic study of the effect of viscoelasticity has been reported (to the best knowledge of the authors). Therefore, stresses experienced by the substrate will be even larger. A stress eld can also be complicated due to the non-uniform distribution of absorption coef cient and the imperfections in the laser beam uence distribution. This creates strong local shear elds, which may lead to localized materials failure. Also the defects and particles (nonuniformities) will amplify the stress in the locality of the defect [26] . 
REMOVING D 5 460 nm SILICON PARTICLES FROM SILICON AND COPPER SUBSTRATES
Both the extent and the type of damage depend on the optical and thermomechanical properties of the substrate materials, the work of adhesion and the properties of the laser beam. A high number of factors play roles in the process. This complexity prevents development of simple explanations for damage processes. To demonstrate the practical use of the current results presented in this study, two removal cases under axial acceleration elds are considered.
For the rst example, we will consider the removal of silicon particles with a diameter of D D 460 nm from a silicon substrate. To remove these particles under an axial acceleration eld, the levels of acceleration as high as approximately 0:36 £ 10 9 m / s 2 are required for rolling mode of removal (cf. Table 1 ). The surface temperature distribution for the silicon substrate in Fig. 4a and maximum acceleration in Fig. 3b indicate that the maximum surface temperature elevation and the maximum axial acceleration reach 1T max ¼ 35 000 K and a max ¼ §5:60 £ 10 9 m / s 2 , respectively, under a deposited pulsed energy of E 0 D 370 mJ ( Table 7 ). The value of the temperature elevation required for rolling removal (a req / is determined as .a req =a max /1T max ¼ 2250 K, in a normal room the surface temperature will reach 2250 C 273:15 C 25 D 2548:2 K. This level can be achieved by a deposited pulsed energy of 23.8 mJ. At this level of laser uence, the values of the stress components (Fig. 6a-d) are normalized with .a req =a max / as ¾ zz ¼ §0:41 MPa, ¾ rr ¼ §894 MPa, ¾ µ µ ¼ §894 MPa, and ¾ rz ¼ 0:53 MPa. The yield stress for crystalline silicon has been reported as high as 5 GPa. However, the surface melting temperature of silicon is 1683 K. Therefore, in this particular case, thermal damage will occur before mechanical material failure. The minimum diameter of silicon particles that can be removed without thermal damage is calculated as approximately 600 nm. The removal of silicon particles with diameters slightly smaller than this lower limit will require an axial acceleration level that will lead to surface melting. It is noteworthy that, in this example, only the axial acceleration is considered and the radial acceleration component could substantially reduce the minimum particle size that can be removed under the uence reported above.
Now consider the removal of silicon particles with D D 460 nm from a copper substrate. The value of the required minimum axial acceleration for this particle-surface combination will be a req D 0:39 £ 10 9 m /s 2 (see Table 1 (Figs. 6e -h) . The values for the yield stress for copper have been reported as high as 330 MPa. Therefore, in the removal of silicon particles with D D 460 nm, mechanical material failure of the copper substrate is possible for this level of laser uence. No thermal damage should occur since the surface temperature 261 C 273:15 C 25 D 559:2 K is much lower than the melting temperature of copper T melt D 1356 K. Silicon particles larger than 630 nm in diameter can be removed by depositing a pulsed energy of 3.224 mJ without inducing mechanical or thermal damage on copper substrate.
CONCLUSIONS AND REMARKS
The onset of the thermal and mechanical substrate damage in nanoparticle removal has been studied computationally for silicon and copper substrates. The maximum and minimum values of the components of the acceleration vector and axisymmetric stress tensor as well as the temperature are computed at various points on the substrate surface and in the interior of the substrate. The detailed max -min value distributions along the radial and axial directions have been reported. Neither thermal nor mechanical damage of particles is considered although it could be a possible damage mechanism.
It is computationally determined and demonstrated that the type of rst-damage depends on the substrate and particle material properties and particle diameter. The determination of the required laser uence for the removal of a speci ed particle depends on the coef cient of re ectivity. The results presented in this paper can potentially be used for determining the damage thresholds for pulsed laser removal applications.
In the onset of materials failure, two modes of substrate damage are possible: thermal and mechanical (fracture). Thermal damage threshold is the melting temperature and mechanical damage occurs above the yield stress of the substrate material. Since any damage would alter the thermal, optical and mechanical properties of the surface, after the onset of the damage the progressive surface alteration occurs. Two examples are used to demonstrate the practical uses of the simulation results. For the removal of silicon particles with diameter smaller than 600 nm from a silicon substrate, the thermal damage is more likely for crystalline silicon. However, in the removal of the silicon particles from copper substrate, it is calculated that mechanical damage will occur when the removal of particles smaller than 630 nm is attempted.
It should also be noted that while the thermal eld is localized on the surface of the substrate, extreme values of some stress components could occur in the interior of the substrate. For example, the maximum and minimum values of ¾ zz and ¾ rr are localized in the interior while ¾ µ µ and ¾ rz , which are a few orders of magnitude higher than those for ¾ zz and ¾ rr , reach their extreme values on the surface. This observation leads to the conclusion that in plain substrates (with no sub-surface features, e.g., layers, and connects), the thermo-mechanical damage is most likely to occur on the surface of the substrate.
